Change in gait variability at least 6 months after surgical reconstruction of the anterior cruciate ligament (ACL) was assessed in 20 male patients with acute ACL deficiency and compared with preoperative data and that from 20 healthy male controls. Gait was measured using a triaxial accelerometer and data were analysed by the Gait Evaluation Differential Entropy Method (GEDEM) to determine gait variability. Pain was assessed with a visual analogue scale and functional ability with the Oswestry Disability Index and the International Knee Documentation Committee score.
Introduction
Rupture of the anterior cruciate ligament (ACL) is a frequent injury of the knee joint that can lead to increased anterior translation of the tibia, consequent mechanical instability of the knee and alterations in joint movement patterns during locomotion. 1 -8 Studies have shown that subjects with healthy knees have an external knee flexion moment during mid-stance (biphasic gait), whereas ACL deficient individuals often have a decreased external knee flexion moment at mid-stance. 8, 9 ACL reconstructive surgery is a common elective orthopaedic procedure and, *SD Tsivgoulis and GN Tzagarakis contributed equally to this article. in the USA, > 102 000 ACL reconstructions were performed in 1996. 10 The annual incidence of primary ACL reconstructions in Scandinavian countries between 2004 and 2007 per 100 000 inhabitants was 34 in Norway, 38 in Denmark and 32 in Sweden. 11 A number of studies have examined the effect of ACL reconstruction on joint kinematic and kinetic patterns during gait. 6,12 -17 In one study, 92% of patients had normal or nearly normal values after primary ACL reconstruction. 18 DeVita et al. 14 reported that sagittal knee kinematics showed excellent recovery at 6 months after ACL reconstruction and accelerated rehabilitation. Papannagari et al. 19 showed that current ACL reconstruction techniques restore anterior laxity to clinically satisfactory levels in response to anterior tibial loads.
Although high clinical success rates have been reported, 18,20 -28 there are also reports of persistent pain and instability in follow-up studies. 22,28 -32 Noyes et al. 33 postulated that approximately one-third of patients with ACL deficiency are able to resume pre-injury activity levels, that around one-third can compensate for the deficiency but have to modify some sports activities, and that the remaining one-third of patients have to discontinue many sports activities owing to poor knee function. Other studies have indicated that gait patterns do not return to normal within 1 year after ACL reconstruction. 14, 15, 17 Inefficient knee motion is the most frequent complication after reconstructive surgery occurring in 11 -35% of ACL reconstructions. 34 -36 Previously, we compared gait variability in patients with untreated ACL deficiency with that in healthy controls and found that variability and irregularity were greater in the ACL deficient patients. 37 This was attributed to knee instability and knee pain related to acute ACL deficiency. Gait variability was calculated by measurement of the spectral differential entropy of the gait acceleration biosignal. Trunk gait accelerometry was able to show minor changes in normal walking caused by differences in motor strategies in healthy adults, even though there was no affect on step and stride length and cadence (i.e. gait). 38, 39 Biosignals that had high probability for periodical behaviour were characterized by low differential entropy, whereas those following random behaviour showed high differential entropy. 40 Having shown that gait variability differs substantially between patients with untreated acute ACL deficiency, the purpose of the current study was to investigate whether improvements would be seen after surgery in ACL deficient patients by comparing gait patterns pre-and postoperatively and with the gait patterns for normal controls. The hypotheses were that pre-operative gait variability (differential entropy) in ACL deficient patients would be greater than that post-operatively and that post-operative gait variability patterns would approach normal values.
Patients and methods

SELECTION AND TREATMENT OF PARTICIPANTS
The same two groups that participated in the previous study 37 37 were used for the control group and as pre-operative data for patients in the ACL deficient group. Medical doctors were responsible for recording family name, first name, father's name, sex, occupation, height, weight, age and medical history and these were recorded on a physical examination form. 41, 42 All ACL patients underwent doublebundle ACL reconstruction with autologous hamstring grafts, within 2 months of rupture, and followed the same postoperative rehabilitation protocol with one group of physical therapists. Immediately after surgery, patients commenced contraction exercises for the quadriceps and biceps muscles, as well as starting continuous passive motion and partial weight-bearing regimens that were varied according to the degree of knee pain. All patients used a brace during mobilization for 6 weeks and were allowed to use crutches initially, but were encouraged to discard the crutches as soon as possible. Jogging regimens were started after 6 weeks. Return to competitive sports was restricted for at least 6 months after surgery and only allowed after knee stability had been confirmed on clinical examination.
All participants provided signed written informed consent, according to the Bioethics Committee of the University Hospital of Crete, University of Crete, Greece (H.C. Crete 9467/3-9-08). The Ethics Committee of the University Hospital of Heraklion, University of Crete approved the study.
POST-OPERATIVE ASSESSMENTS
Post-operative gait assessments were performed on the premises of the University Hospital of Heraklion with the aid of the medical staff from the Orthopaedic Department, and at the Clinic of Sports Medicine, Medical Centre of Athens, Greece. Measurements were made between June 2009 and February 2010, at least 6 months (range 6 -8 months) after surgery.
Patients in the ACL group were fitted with a triaxial accelerometer, on a flexible belt, placed in the middle of the lower back, which is close to the body's centre of gravity and considered central to the sagittal plane. 43 The device and measurement procedure are described in detail in the previous study. 37 Briefly, each patient was asked to walk along a 40 m straight walkway in the hospital at a self-selected comfortable walking speed and to focus fully on the procedure. The floor was dry and flat and the participants walked in socks.
Other outcome measures used for assessing the disabling effects of ACL deficiency were Oswestry Disability Index (ODI) 44 -46 and visual analogue scale (VAS) pain assessments. The International Knee Documentation Committee (IKDC) score was used to assess clinical outcome. 47, 48 
ANALYSIS OF ACCELEROMETRY DATA
The Gait Evaluation Differential Entropy Method (GEDEM), developed specifically for the analysis of accelerometry data was used, as described in detail in the previous study. 37 A GEDEM score was calculated for every accelerometry measurement in the anteriorposterior and mediolateral axes and the mean for each patient was calculated from three measurements.
STATISTICAL ANALYSIS
All analyses were carried out with the SPSS ® statistical package, version 15.0 (SPSS Inc., Chicago, IL, USA) for Windows ® . The paired t-test was used to compare pre-and postoperative spectral differential entropy, IKDC scores, VAS pain scores and the ODI. The null SD Tsivgoulis, GN Tzagarakis, PJ Papagelopoulos et al.
Gait variability of acute ACL deficiency hypothesis was that there would be no difference between the pre-and postoperative values. Rejection of the null hypothesis indicated lower post-operative accelerometry values and higher gait stability or higher post-operative accelerometry values and lower gait stability. The independent t-test was used to examine differences between the control group and the ACL deficient group. All tests were twosided and statistical significance was set at P < 0.05.
Results
A total of 20 patients (all male) with ACL deficiency and 20 healthy controls (all male) were included in the present study. Their anthropometric characteristics are shown in Table 1 . The groups did not differ in age, height, weight or body mass index.
Pre-and post-operative spectral differential entropy values for each of the 20 ACL deficient patients and for the 20 healthy controls are represented graphically in Figs 1 and 2, and the individual data and mean ± SD values are shown in Table 2 .
Mean ± SD spectral differential entropy along the mediolateral axis reduced from 1.546 ± 0.382 nats pre-operatively to 1.163 ± 0.332 nats post-operatively (P < 0.0001, 95% CI for the mean difference between pre-and post-surgery 0.25, 0.51 nats). In the anterior-posterior axis, mean ± SD spectral differential entropy reduced from 0.556 ± 0.478 nats pre-operatively to 0.259 ± 0.352 nats post-operatively (P < 0.0001, 95% CI for the mean difference between pre-and postsurgery 0.20, 0.38 nats). These findings imply lessening of gait variability after surgical repair.
Mean ± SD post-operative spectral differential entropy in the mediolateral axis was significantly higher than for the control group (1.631 ± 0.331 nats after surgery versus 0.716 ± 0.306 nats for the control, P < 0.0001, 95% CI for the mean difference between post-surgery and control 0.24, 0.65 nats), which could be an indication that some rotational instability remained. By contrast, in the anterior-posterior axis no significant difference was found for the postoperative mean ± SD spectral differential entropy value and that of the control group (0.259 ± 0.352 nats after surgery versus 0.195 ± 0.475 nats for the control, 95% CI for the mean difference between post-surgery and control -0.20, 0.33 nats), which could be an indication of return to a closer to pre-trauma gait pattern after surgery. Table 3 presents the pre-and postoperative IKDC scores, VAS pain scores and ODI scores for the 20 individual ACL deficient patients. The mean ± SD IKDC value increased from 52.74 ± 15.71 before 
Discussion
Many gait analysis studies have already used accelerometry as it quantitatively measures and identifies specific changes in gait in elderly adults and those at high risk In addition it can be used to quantify objectively levels of ambulatory activity. 49 Although some research trials have reported laboratory tests to measure the in vivo kinematics of gait after ACL reconstruction, several problems remain regarding accuracy, cost and invasiveness. 7,19,50 -52 Further development of objective, low-cost, easy to perform methods of assessing gait in ACL patients is, therefore, required. The most widely used and reliable ways for evaluating the effectiveness of ACL reconstruction are the Lachman test and the use of an arthrometer. Despite their reliability, these static stability measures do not correlate well with functional outcome 53 -55 The pivot-shift test, which is also a common clinical test for evaluation of rotational stability of the knee, 56, 57 is subjective, observer dependent and does not simulate physiological knee activity, such as walking or running. 58 -60 Human walking patterns differ between individuals. Each person's kinematic and kinetic gait characteristics are assumed to be periodic 61, 62 or pseudoperiodic 63 and determined by the body's characteristics and personal ability to control gait. The periodic nature of these movements may be disrupted in individuals with neurological and musculoskeletal pathologies or injuries, which may result in increased gait instability. Specifically, ACL rupture compels individuals to compensate for knee subluxation and concomitant knee pain by adjustment of the gait pattern, which leads to gait variability.
Papadakis et al. 64 developed the GEDEM algorithm, which uses the statistical definition of differential entropy to process gait acceleration data. This method is already used in healthy soccer athletes and is helpful in evaluating the musculoskeletal condition with respect to gait stability. 65 Another study revealed that patients with lumbar spinal stenosis exhibited greater gait variability and irregularity than healthy controls. 66 This was attributed to acute radicular pain and neurological claudication associated with the disorder.
Previously, we compared gait variability in patients with untreated ACL deficiency with that in healthy controls and found that patients with untreated acute ACL deficiency exhibited greater gait irregularity than healthy controls. 37 The GEDEM index showed significant differences in gait variability between the two groups. In the current study, GEDEM was again used for signal analysis and the difference in gait variability was used to assess walking performance after surgical repair. The vertical acceleration signal was not considered in the present study, as it is well known that excessive anterior translation of the tibia is the main influence on stability in the anterior-posterior and mediolateral axes during walking in patients with ACL deficiency. 1, 2 The combination of accelerometry and the GEDEM index is a novel orthopaedic method for the postoperative assessment of ACL deficient patients.
The significant post-operative decrease in gait variability compared with pre-operative values can be attributed to the post-operative improvement of knee biomechanics and the resultant restoration of functional capacity. Reconstruction of ACL prevents tibial translation during walking, restoring the natural biomechanical properties of the knee, which leads to reduced levels of knee pain. The current findings are consistent with the suggestion of other authors that a decrease in signal regularity indicates impaired functional capacity. 67 It is also in accordance with the findings of DeVita et al. 14 who showed excellent recovery in sagittal knee kinematics at 6 months after ACL reconstruction and accelerated rehabilitation.
Knoll et al. 68 reported that, in surgicallytreated individuals with ACL deficiency, temporospatial parameters and range of motion in the knee returned to normal as early as 4 months after surgery. The relative ACL movement parameter, which describes tibial translation in the direction of the ACL, and electromyographic traces, did not differ significantly from those for healthy controls just 8 months after surgery. DeVita et al. 14 reported data consistent with those of Knoll et al., 68 showing no difference at 6 months.
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On the other hand, Moraiti et al. 69 reported that patients with ACL who had undergone surgical reconstruction exhibited significantly larger Lyapunov Exponent values (more divergence in the movement trajectories during gait) than the control limbs. Bush-Joseph et al., 13 who studied a group of patients with ACL deficiency 8 months after repair surgery, reported only minor reductions in peak knee flexion, owing to the return of normal muscle activity. Bulgheroni et al. 12 studied the gait patterns of patients who had undergone ACL reconstruction 2 years after operation and reported no considerable differences in kinematics, kinetics or muscle electromyography values. These data suggest that, in time, ACL reconstruction can lead to the regaining of normal gait patterns.
In the present study, in ACL deficient patients post-operation, mean spectral differential entropy was similar to that for the control group in the anterior-posterior axis after 6 months, whereas in the mediolateral axis it remained significantly higher, indicating some rotational instability. Current clinical practice in ACL reconstruction surgery focuses on diminishing pathological anterior translation of the tibia. 22, 70 The function of the ACL, however, is not only to stabilize the tibia from anterior translation relative to the femur but also to prevent excessive tibial rotation. 71, 72 Most authors agree that ACL reconstruction does not fully restore ACL function. 7,13,50,51,73 -78 For example, Ristanis et al. 51 reported that ACL reconstruction may not restore tibial rotation even though anterior tibial translation has been reestablished and Chouliaras et al. 75 also reported that ACL reconstruction restored antero-posterior stability but not rotational stability. In a study by Georgoulis et al., 7 ACL reconstruction only partially reduced tibial rotation during walking. Gerich et al. 76 and Goldblatt et al. 77 found that knee instability after ACL reconstruction in a group of athletes never returned to the pre-injury level, even with a well-reconstructed ACL.
Reconstruction of the ACL is generally deemed successful in restoring knee function when evaluated by anterior tibial translation or clinical knee scores. 22, 79 Abnormal kinematic values might remain, however, in response to combined anterior tibial and rotatory loads during highly demanding activity. 50, 51, 78 The mean IKDC value was increased in the present study from its preoperative value at least 6 months after surgery. By contrast, the mean ODI percentage and VAS pain scores were reduced. These findings were as expected, since ACL repair should lead to lowered pain and improved stability during everyday activities. It is noteworthy that, in three cases, there was persistence of knee pain post-operatively, as recorded by VAS and Oswestry questionnaire, with a simultaneous significant decrease of entropy values. This probably occurred because the most crucial issue in restoring normal gait is not pain relief but restoration of the proper biomechanical function of the knee.
The results in this paper have the same limitations as those of the previous study. 37 In particular, the number of participants was small owing to the screening and exclusion of patients with neuromuscular and musculoskeletal injuries other than specifically ACL deficiency. Another reason for the small number of participants was the absolute requirement for patients to adhere to the rehabilitation protocol.
The combination of accelerometry and the GEDEM index shows promise for future application in gait analysis. It is painless, low cost, non-invasive, does not involve radiation or chemical substances, is easy to • Received for publication 19 November 2010 • Accepted subject to revision 24 November 2010
• Revised accepted 24 March 2011 Copyright © 2011 Field House Publishing LLP perform on any solid ground and the objective index that corresponds to gait irregularity can be computed instantly.
The present study showed pre-operative gait variability (differential entropy) in ACL deficient patients to be greater than that post-operatively, with reduction after ACL reconstruction to more normal levels. The data indicated that ACL reconstruction fully restored tibial translation, although tibial rotational stability was not restored in the same time-frame. The study also showed that the combination of accelerometry and the GEDEM index may be a useful orthopaedic tool for the post-operative evaluation of patients who have undergone ACL reconstruction. Further work in larger studies is required to refine the performance of the method.
